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Abstract
Inhibitory control, the inhibition of prepotent actions, is essential for higher-order cognitive processes such as planning, reasoning, and
self-regulation. Individuals and species differ in inhibitory control. Identifying what influences inhibitory control ability within and
between species is key to understanding how it evolved. We compared performance in the cylinder task across five lizard species: tree
skinks (Egernia striolata), gidgee skinks (Egernia stokesii), eastern blue-tongue skinks (Tiliqua s. scincoides), sleepy lizards (Tiliqua r.
asper), and eastern water skinks (Eulamprus quoyii). In our task, animals had to inhibit the prepotent motor response of directly
approaching a reward placed within a semi-transparent mesh cylinder and instead reach in through the side openings. Additionally, in
three lizard species, we compared performance in the cylinder task to reversal learning to determine the task specificity of inhibitory
ability.Within species, neither sex, origin, body condition, neophobia, nor pre-experience with other cognitive tests affected individual
performance. Species differed inmotor response inhibition: Blue-tongue skinksmade fewer contacts with the semi-transparent cylinder
wall than all other species. Blue-tongue skinks also had lower body condition than the other species which suggest motivation as the
underlying cause for species differences in task performance. Moreover, we found no correlation between inhibitory ability across
different experiments. This is the first study comparing cylinder task performance among lizard species. Given that inhibitory control is
probably widespread in lizards, motor response inhibition as exercised in the cylinder task appears to have a long evolutionary history
and is likely fundamental to survival and fitness.
Significance
The study of lizard cognition is receiving increasing attention. Lizards are a diverse groupwith awide range of ecological attributes and
represent a model system through which we can test a wide range of hypotheses relating to cognitive evolution. Furthermore,
considering their evolutionary history, studying non-avian reptile cognition can help understand the evolution of different cognitive
abilities including inhibitory control. Here, we provide a comparison of inhibitory control ability in five lizard species. Consequently,
we are able to, firstly, validate a method (the cylinder task) initially developed for the use in mammals and birds, for use in lizards, and
secondly, collect valuable data on inhibitory control in a poorly studied group with respect to cognitive ability. Our study suggests non-
cognitive factors as a major influence on cylinder task performance, which is in agreement with previous studies of other vertebrates.
Keywords Cognition . Executive functions . Response
inhibition . Non-avian reptile . Squamate reptile
Introduction
To maximize gain in a given situation, animals often need to
exercise inhibitory control over their behavior (Diamond
2013). For example, failure to inhibit premature strikes to-
wards potential prey or relying on irrelevant information dur-
ing environmental changes could have negative consequences
for fitness. Moreover, inhibitory control is one of several basic
processes that are part of executive functions (also cognitive
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control; Diamond 2013), necessary for executing higher-level
cognitive skills such as planning, reasoning, and self-
regulation (Diamond 2013). Inhibiting harmful or disadvanta-
geous behavior, especially in the presence of an external pull,
could be an important skill for survival.
Frequently, inhibitory control is tested using reversal learning
tasks, A-not-B tests, or detour tasks. During reversal learning
tasks, in which a previously established stimulus-reward rela-
tionship changes, animals need to inhibit responding to the for-
merly rewarded stimulus (now unrewarded; e.g., Boogert et al.
2011; Anderson et al. 2016; Brucks et al. 2018; Ducatez et al.
2019) and form a new associationwith the previously unreward-
ed stimulus and the reward (Dias et al. 1996). In the A-not-B
test, in which a reward is first hidden in location A and then
moved to location B in full view of the subject for a single test
trial, animals need to inhibit prepotent responses towards loca-
tion A (Bray et al. 2014; Vernouillet et al. 2018). Finally, detour
tasks involve retrieving a reward from behind a barrier which
can be opaque, semi-transparent, or fully transparent. A clear
visibility of the reward exerts a stronger urge for a direct reach
(Diamond 1981, 1990; Santos et al. 1999; Kabadayi et al.
2017a), and animals need to inhibit this direct response and
make a detour around the barrier to reach behind it and obtain
the reward (e.g., Diamond 1990; Regolin et al. 1994; Bojczyk
and Corbetta 2004; Shaw 2017; Ducatez et al. 2019). One com-
monly used detour task is the “cylinder task” (MacLean et al.
2014), a two-stage response inhibition task, inwhich animals are
first trained to make a detour to the side openings of an opaque
cylinder containing a reward which is invisible prior to ap-
proach. Thereafter, the opaque cylinder is replaced with a trans-
parent cylinder to test motor response inhibition by quantifying
successful detours when a reward is visible (e.g., Boogert et al.
2011; Bray et al. 2014; MacLean et al. 2014; Anderson et al.
2016; Kabadayi et al. 2016, 2017b; Vernouillet et al. 2016,
2018; Lucon-Xiccato et al. 2017; Bobrowicz and Osvath
2018; Isaksson et al. 2018; Szabo et al. 2019b).
A number of non-cognitive factors can affect detour task per-
formance across individuals: the distance to the goal (often a food
reward), reward visibility through the barrier, barrier shape, size
and material, motivation to reach the goal, neophobia, rearing
conditions, and previous experience with transparent or semi-
transparent objects (for a full review see Kabadayi et al.
2017a). For example, long-tailed macaques (Macaca
fascicularis) try to reach more often directly for a food reward
behind a Plexiglas screen when the reward is positioned close to
the barrier as opposed to further away (Junghans et al. 2016).
Similarly, cats (Felis catus) made less contact with the surface of
a transparent cylinder when it was larger (and they could fit their
head into it not just their paw) and when the reward was placed
further away from a barrier (Bobrowicz and Osvath 2018). Mice
(Mus musculus) spent more time in front of a transparent barrier
and subsequently took longer to escape out of a water pool than
when facing a semi-transparent or opaque barrier (Juszczak and
Miller 2016). Pheasant chicks (Phasianus colchicus) performed
better on a novel detour task if they had previously experienced
testing on a similar task (differently shaped barrier) while
neophobia and body condition had no effect on performance
(vanHorik et al 2018). In North Island robins (Petroica longipes)
pre-experience with a motor task had no effect on detour perfor-
mance, but birds in better body condition solved the detour task
in fewer trials (Shaw 2017). Finally, males performed better on a
detour task compared to females in the guppy (Poecilia
reticulata; Lucon-Xiccato et al. 2019). Besides these non-
cognitive factors, individuals might learn how to reach a reward
behind a barrier across multiple trials (e.g., Boogert et al. 2011;
Vernouillet et al. 2016).
The proficiencywithwhich inhibitory control is executed also
differs among species (e.g., MacLean et al. 2014; Kabadayi et al.
2016, 2017b; Rudolph and Fichtel 2017; Brucks et al. 2018). In
the case of cylinder tasks, the best scores were achieved by great
apes (MacLean et al. 2014), corvids (Kabadayi et al. 2016), and
carnivores such as dingos, dogs, and cats (MacLean et al. 2014;
Bobrowicz and Osvath 2018). Proficiency on the cylinder task
was linked to absolute brain size across 36 species. A comparison
among non-human primates revealed that dietary breadth (num-
ber of food categories in the diet) but not frugivory or average
social group size predicted performance (MacLean et al. 2014)
while spotted hyenas (Crocuta crocuta) from larger social groups
showed better cylinder task performance (Johnson-Ulrich and
Holekamp 2020). Inhibitory control is a phylogenetically wide-
spread ability that varies among individuals as well as species
indicating that this ability might be selected for in certain circum-
stances, but why some species possess enhanced inhibitory con-
trol is still unclear.
So far, measures of inhibition have failed to correlate across
tasks suggesting that these tasks measure different cognitive
skills (e.g., Regolin et al. 1994; Boogert et al. 2011; Bray et al.
2014; Anderson et al. 2016; Fagnani et al. 2016; Brucks et al.
2018; Vernouillet et al. 2018; Ducatez et al. 2019; Szabo et al.
2019b). For example, in male song sparrows (Melospiza
melodia), cylinder task performance was very weakly and non-
significantly negatively correlated with reversal learning perfor-
mance (Boogert et al. 2011; Anderson et al. 2016). The addition
of data from females reduced this correlation to zero (Anderson
et al. 2016). In water skinks (Eulamprus quoyii), individuals that
learnt a color discrimination performed less well on a semi-
transparent cylinder task and showed a weaker side bias in the
discrimination task (Szabo et al. 2019b). Furthermore, measures
of response inhibition have also failed to correlate across con-
texts. For instance, the ability of wolves (Canis lupus) and dogs
(Canis familiaris) to retrieve a reward from behind a V-shaped
barrier was weakly positively, and non-significantly, correlated
with their success rate in retrieving a reward from within a cyl-
inder (Marshall-Pescini et al. 2015).
Here, we report the performance of four related lizard species
on a semi-transparent version of the cylinder task. A fifth species,
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the eastern water skink (Eulamprus quiyii), was tested previously
(Szabo et al. 2019b), and these data were included in a species
comparison of task performance. All species tested in this study
are members of the Australian Egernia group, a radiation of
scincid lizards comprising seven genera and approximately 50
species (Chapple 2003; Gardner et al. 2008; While et al. 2015).
We tested (1) tree skinks (Egernia striolata), a medium-sized,
diurnal, omnivorous lizard species inhabiting arboreal and rocky
habitats (Cogger 2014). (2) Gidgee skinks (Egernia stokesii),
which are also medium-sized lizards (slightly larger and stockier
than tree skinks), diurnal, omnivorous lizards that inhabit arid or
semi-arid rocky habitats (Duffield and Bull 1998). (3) Sleepy
lizards (Tiliqua rugosa asper) occur in arid habitats, are terrestri-
al, and are relatively large-bodied, diurnal, omnivorous foragers
(Bull 1995; Cooper 2000; Bull et al. 2017), and finally, (4) east-
ern blue-tongue skinks (T. s. scincoides) are relatively large-bod-
ied, diurnal, and omnivorous lizards (Koenig et al. 2001; Cogger
2014) (Online Resource Table S1).
Our aimwas to collect data on the inhibitory ability of lizards
in the cylinder task to extend our knowledge on inhibitory
control as measured by the cylinder task, across species. A
number of reptile species have been documented to successful-
ly detour around barriers (e.g., Burghardt 1978; Wilkinson and
Huber 2012; Szabo et al. 2019b), and accordingly, we expected
all tested species to learn the detour task and exhibit motor
response inhibition. We were interested in finding out if sex,
neophobia, body condition, origin of animals, and pre-
experience with non-related cognitive assays affected perfor-
mance. All of these factors influence performance in different
species (vanHorik et al. 2018; Shaw 2017; Lucon-Xiccato et al.
2019; for more examples see Kabadayi et al. 2017a) and due to
the lack of data on reptiles, we have only limited knowledge
about if and how such factors might influence performance in
lizards. Similarly, we were interested in whether species dif-
fered in their cylinder task performance and if individual inhib-
itory control performance correlated across different tasks (the
cylinder task and discrimination reversal learning).
Collectively, our experiments add additional data to the grow-
ing body of knowledge on animal inhibitory control on a mod-
ified version of the cylinder task using a semi-transparent mesh
cylinder in poorly studied vertebrates. Importantly, our study is
the first to compare performance in the cylinder task among
lizard species and investigates possible factors that might affect
performance within and between lizard species.
Methods
Study animals and husbandry
We tested four species on the cylinder detour task: tree skinks
(E. striolata, N = 12, all females), gidgee skinks (E. stokesii,
N = 19, undetermined sex), sleepy lizards (T. r. asper, N = 13,
7 males and 6 females) and eastern blue-tongue skinks (T. s.
scincoides, N = 12, 7 males and 5 females) (Online Resource
Table S2) and included one additional species, the eastern
water skink (Eulamprus quoyii) for which data were available
from a previous study (Szabo et al. 2019b) resulting in five
species for comparison. All lizards, except for three adult
blue-tongue skinks and three gidgee skinks, had previously
been tested in a cognitive assay (for details, see Online
Resource Table S2) in which they had the opportunity to gain
experience with mesh affordances (semi-transparent material).
The data collected on these naïve individuals shows no
marked difference compared to the experienced lizards
(Online Resource Table S2), and the amount of experience
(trials in other tasks) did not affect performance (for details
see “Results” section below).
All lizards were moved into individual plastic box enclo-
sures before testing. Because all tested species differed sub-
stantially in body (snout-vent, SVL) length (range: E.
striolata = 101–114 mm; E. stokesii = 146–202 mm; T. r.
asper = 267–334 mm; T. s. scinoides = 157–322 mm; E.
quoyii = 100–118mm; Online Resource Table S2), enclosures
and equipment were scaled to body size to ensure that impor-
tant task parameters (e.g., relative distance to the cylinder)
were the same for all species: tree skinks, juvenile blue-
tongue skinks, and gidgee skinks were kept and tested in small
enclosures (683 L × 447 W× 385 H mm); adult blue-tongue
skinks and sleepy lizards were kept and tested in large enclo-
sures (800 L × 600 W × 450 H mm). Where possible, we de-
termined sex either by confirming the presence of hemipenes
or by using morphological measurements (as per Bull and
Pamula 1996; Phillips et al. 2016), and we measured SVL
(± 1 mm) and weighed (± 1 g) all lizards before the start of
testing. Lizards were individually identified by a PIT tag
(Passive Integrated Transponder, Biomark, HPT8,
8.4 mm L × 1.4 mm diameter, 33 ± 5 mg) or individual mark-
ings and body coloration.
The temperature in the experimental room was set at
24 °C (resulting in a mean ± SD of 24 ± 2 °C, depending
on season), and humidity was between 30 and 60% de-
pending on season and weather. A heat cord was installed
underneath each enclosure to elevate the temperature on
one side to 32 °C (± 2 °C SD). This enabled lizards to
thermoregulate to optimal body temperature regardless of
overall room temperature. We monitored temperature
within enclosures using iButtons (Thermochron iButton
model DS1921, recording hourly) for the duration of tri-
als. Animals were habituated to a 12-h light cycle. Lizard
enclosures were lined with butcher’s paper and each en-
closure included a refuge, a water bowl, and two wooden
ramps (for more details see Szabo et al. 2018, 2019a;
Szabo and Whiting 2020; Online Resource). To prevent
respiratory infections in sleepy lizards, which are adapted
to low humidity, we introduced a water bowl only twice a
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week for 40 min. All other animals had ad libitum access
to water.
When not in experiments, all adult lizards were fed
three times per week. Tree skinks received half a teaspoon
of baby food (HeinzTM, various flavours) twice a week
and crickets powdered with vitamins (aristopet Repti-
vite) and calcium (URS Ultimate Calcium) once per week.
Blue-tongue skinks and sleepy lizards were fed an assort-
ment of small cut fruits and vegetables mixed with a tea-
spoon of dog food (various brands and flavors) and pow-
dered with calcium (once a week). Gidgee skinks were fed
fruits and vegetables three times per week supplemented
with crickets (powdered with vitamins and calcium) on
1 day and juvenile blue-tongue skinks were fed fruits
and vegetables and high-protein cat food (Purina
Supercoat® Adult chicken, powdered with vitamins and
calcium) 5 days a week to ensure healthy growth. Diet
composition fed during the time of captivity was based
on natural diet composition. During the time of experi-
mental trials, lizards were given their regular diet only
on Fridays after trials had finished.
Setup
During trials, masking tape secured the butcher’s paper sub-
strate to the enclosure floor to prevent lizards from crawling
underneath and out of view. Before the start of the first cylin-
der task trial we removed everything except the water bowl
and refuge from the enclosure (returned after an individual
had completed the whole experiment). All lizards started from
approximately the same starting position at the end of the
enclosure opposite to the cylinder (Fig. 1a). Gidgee skinks
were larger than tree skinks and juvenile blue-tongue skinks,
but no intermediate sized enclosures were available. We en-
sured that the relative distance to the cylinder was 1.5× SVL
(same as for the other four species tested) by moving each
gidgee skink by hand back so that their body was parallel to
the back wall of the enclosure at the start of each trial (Online
Resource Fig. S2). During trials, a small quantity of food
reward was inserted into the cylinder placed in the middle,
equidistant from the side openings and the cylinder walls
(Online Resource Fig. S2). The appropriate amount and type
of food used as reward for each species was determined during
regular husbandry and adjusted to each species dietary re-
quirements and preference to decrease differences in food mo-
tivation which can affect task performance (Kabadayi et al.
2017a). Tree skinks and gidgee skinks were tested using baby
food (0.08 ± 0.01 g/trial; this was a sufficient quantity to en-
sure continuing motivation in both species). We used cat food
(0.2 ± 0.05 g/trial) for juvenile blue-tongue skinks and dog
food (3 ± 0.2 g/trial) for adult blue-tongue skinks and sleepy
lizards.
Procedure
Lizards were tested in three trials per day, five days a week,
resulting in 15 trials per week and each trial lasted 1.5 h. A
trial started by moving a lizard backwards to the starting po-
sition by hand and placing the refuge over the lizard to hold it
in place until the trial started (Fig. 1a). Next, either a food dish
(pre-training) or a cylinder (opaque or semi-transparent de-
pending on test phase) were introduced about 10–15 cm from
the back enclosure wall (in front of the water bowl if present;
Fig. 1a). To ensure that lizards could not move the cylinders,
we secured them to the enclosure floor using Bostik Blu Tack
adhesive putty. Thereafter, the refuge was removed and the
lizard was allowed to approach the food dish/cylinder. At the
end of the trial, the refuge was put back into the enclosure and
the dish/cylinder was removed and cleaned (removing any
food that was not eaten with a paper towel) for the next trial.
Tree skinks were tested from March to April 2018, blue-
tongue skinks from April to August 2018, sleepy lizards from
April to October 2018, and gidgee skinks from February to
April 2019. These time periods coincided with each species’
active season (Cogger 2014) except for sleepy lizards; how-
ever, sleepy lizards are active outside their main activity sea-
son if resources allow (Bull et al. 2017). No behavioral or
motivational changes were detected during the course of trials
in any species. Setup and procedures closely followed Szabo
et al. (2019b).
Habituation
To reduce stress during trials, all lizards were tested in their
home enclosure (Langkilde and Shine 2006) and left undis-
turbed for a minimum of 1 week (1 week for tree skinks as
they had been in captivity for more than 1 year; wild-caught
individuals were habituated for longer: blue-tongue skinks
and sleepy lizards for 2 weeks and gidgee skinks for 4 weeks)
prior to the start of testing (discrimination learning or cylinder
task, dependent on what was tested first; Online Resource
Table S2). During this time, we made sure that animals were
feeding consistently and were habituated to captivity. Lizards
were considered habituated when stress-induced behavior
(immediate fleeing and hiding) in the presence of the experi-
menters were greatly reduced (less than once every few visits).
Species differed in the length of time needed to reach this
criterion.
Pre-training
All lizards that were tested in discrimination learning before
being tested on the cylinder task (N = 9 blue-tongue skinks,
N = 13 sleepy lizards, N = 16 gidgee skinks; Online Resource
Table S2) were pre-trained for the cylinder task 2 days after
they had finished testing. Naïve individuals were pre-trained
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immediately after habituation. We pre-trained lizards using
food dishes (55-mm-diameter petri dishes with the outside cov-
ered in black electric tape for tree skinks and gidgee skinks, or
95-mm-diameter black, plastic food containers with the sides
cut down to 20 mm for blue-tongue skinks and sleepy lizards).
One empty dish was placed in front of the water bowl, then, the
refuge was removed. In the first five trials, the food was placed
inside the dish before the refuge was removed. In the following
10 trials, a piece of food was slowly placed in the food dish
(with forceps for dog and cat food or a spoon for baby food)
after the refuge was removed and in full view of the subject.
This procedure ensured that animals were habituated to the
movement of the experimenter’s hand inserting food during
trials, and thereby reduced stress during food presentation.
Furthermore, pre-training was used to determine that lizards
were sufficiently food motivated and adequately bold to partic-
ipate in trials. Criterion for completion of the pre-training was
retrieving the reward in at least 75% of the 15 trials without
fleeing during food presentation; 100% of individuals reached
this criterion.
Opaque and semi-transparent cylinder test
In the opaque cylinder phase, we introduced an opaque cylin-
der made from PVC and covered in a fine polyester window
screen (Cyclone PVC coated Polyester pet mesh screening).
The window screen was added to increase similarity between
the cylinders used in the different phases. Lizards received a
maximum of 30 trials in the opaque cylinder phase and moved
on to be tested in the semi-transparent phase if they entered the
cylinder at either side without touching its surface in 4/5 con-
secutive trials (MacLean et al. 2014). Lizards that did not
reach this criterion were not tested in the semi-transparent
cylinder phase (tree skinks: N = 5; gidgee skinks: N = 1;
sleepy lizards: N = 2; blue-tongue skinks: N = 0; water skinks:
N = 3; Table 1). Thereafter, in the semi-transparent cylinder
phase, we used a semi-transparent cylinder made from a stiff
aluminum insect screen (same grid size as the mesh used in the
opaque phase). A mesh cylinder was chosen to facilitate an
even food odor diffusion. Lizards were given 10 trials in the
semi-transparent cylinder phase (MacLean et al. 2014).
Cylinders were scaled to lizard size because species greatly
differed in body length (opening size can affect performance,
see Bobrowicz and Osvath 2018). This ensured that all ani-
mals could easily pass through the cylinders with their whole
body. Tree skinks had the smallest cylinders (10 cm long ×
2.9 cm diameter); juvenile blue-tongue skinks and gidgee
skinks had medium-sized cylinders (15 cm long × 7.5 cm di-
ameter); and adult blue-tongue skinks and sleepy lizards had
the largest cylinders (20 cm long × 10.3 cm diameter). The
only way to reach the reward in a cylinder was through the
designated side openings.
Video scoring
We recorded all trials using a CCTV system (H.264 Digital
Video Recorder, 3-Axis Day and Night Dome Cameras) for
later scoring. From the footage, we recorded if a lizard made a
correct (1) or incorrect (0) detour response (Bernoulli vari-
able) as well as trial latency (measured from the removal of
the refuge until the cylinder was touched or the whole head
inserted through one of the side openings of a cylinder) and
choice latency (measured from the first forward directed
whole body movement until the cylinder was touched or the
whole head inserted through one of the side openings of a
cylinder). A detour was scored as correct if the lizard entered
a cylinder from either side without touching its surface, while
an incorrect detour was scored if the lizard touched the outer
Fig. 1 a An Overview of the setup used for the cylinder task. An opaque
or semi-transparent cylinder was attached to the enclosure floor (with
Bostik Blu Tack adhesive putty) in front of the water bowl. Due to dif-
ferences in lizard size, the enclosure and contents were size-adjusted
(scaled) to keep non-cognitive factors equal between species (created
with Inkscape and modified in Microsoft PowerPoint). b The cumulative
average group score (successful detours without touching the surface of
the cylinder) for each species over the 10 trials given in the semi-
transparent cylinder phase (created with R base plot and modified in
Microsoft PowerPoint)
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surface of the cylinder at any point in the trial before entering
through the side openings to consume the reward. To be able
to analyze possible effects of neophobia/neophilia on lizard
performance, we scored the time a lizard spent within 2 cm of
the cylinder (association time) and the number of times a
lizard moved within 2 cm of the cylinder (association frequen-
cy) during the first trial of the opaque cylinder phase. The
opaque cylinder was novel and had never been introduced to
the lizards before this point.
To minimize observer bias, blinded methods were used
when all behavioral data were recorded and/or analyzed. To
test inter-observer reliability, a subset (18%) of trials (includ-
ing a random selection of trials from the four tested species)
was scored by an independent observer who was not involved
in data collection. The independent observer scored trials as
described above: correct if the lizard entered the cylinder with-
out touching the surface and incorrect if a touch to the surface
occurred before entering the cylinder. Inter-observer reliabili-
ty was calculated at 0.82 (confidence interval 0.71–0.91) be-
tween BS and the independent observer and at 0.86 (confi-
dence interval 0.71–0.89) between SH and the independent
observer. BS and SH did not score the same videos.
Statistical analyses
Species-specific performance in the cylinder task
We investigated if the probability of making a correct detour
around the opaque cylinder increased across trials indicative
of learning in those individuals that were tested in both test
phases. We performed a Bayesian generalized linear mixed
model (GLMM; Hadfield 2010) with the detour response
(Bernoulli: correct = 1 or incorrect = 0) given in the opaque
cylinder phase as the response variable and trial as the fixed
effect. We ran a model for each species separately. Previous
work indicates that body condition might affect motivation
leading to individual differences in detour performance
(Shaw 2017; van Horik et al. 2018). Therefore, we included
body condition (scaled mass index after Peig and Green 2009)
as an additional fixed effect in each model. Additionally, in
sleepy lizards and blue-tongue skinks, we also included sex as
a fixed effect because previous work shows that individual
differences in performance on detour tasks can be related to
sex (Lucon-Xiccato et al. 2019). In sleepy lizards, we also
included the origin of animals (wild or captive) as another
fixed effect because rearing conditions can affect detour per-
formance (Clarke et al. 1951). We did not include age or
origin as a fixed effect in blue-tongue lizards because age
was confounded with rearing conditions in this species (for a
detailed model description, see Online Resource Table S3).
We investigated if learning occurred across trials in the
semi-transparent cylinder phase and if performance shown in
the opaque cylinder phase (learning to detour around an
opaque cylinder) affected performance in the semi-
transparent cylinder phase in those individuals that were tested
in both test phases. To this end, we extracted average individ-
ual learning rates (rate of change in the probability of making a
correct detour per trial) shown in the opaque cylinder phase
from the random effects posterior for trial. Then, we per-
formed a Bayesian GLMM with the detour response
(Bernoulli: correct = 1 or incorrect = 0) recorded during the
semi-transparent cylinder phase as the response variable and
trial and individual learning rate (opaque cylinder phase) as
fixed effects. Again, we ran a model for each species separate-
ly. Additionally, body condition was included as another fixed
effect. As before, we included sex as a fixed effect in blue-
tongue skinks and sex and origin in sleepy lizards. Lastly, pre-
experience with cognitive assays might affect performance in
detour tasks (Kabadayi et al. 2017a). To test for an effect in
our lizards, we calculated the sum of trials each individual had
performed in a cognitive task before being tested in our ex-
periment and this variable was added as another fixed effect in
each model (for a detailed model description, see Online
Resource Table S3).
We were interested in whether neophobia had any effect on
individual performance (Kabadayi et al. 2017a) in those
Table 1 Number of individuals that were tested in each phase (N), mean
(standard deviation, SD), and range of trials to criterion needed to learn
the opaque cylinder test and correct detours to the side of the semi-
transparent cylinder for each species. Because only those individuals that
reached the learning criterion in the opaque cylinder phase were tested in
the semi-transparent phase, sample sizes are reduced in the semi-
transparent test and the number of removed (N) is given
Species Opaque cylinder phase (trials to criterion) Semi-transparent phase (score out of 10)
N Mean (SD) Range N removed N Mean (SD) Range
Tree skink 12 12.6 (6.7) 5–25 5 7 3 (1.6) 1–5
Gidgee skink 19 14.2 (7.3) 5–29 1 18 2.6 (1.2) 1–5
Sleepy lizard 13 9.1 (5.9) 5–26 2 11 3.2 (1.9) 1–7
Blue-tongue skink 12 8.6 (5.1) 5–23 0 12 4.5 (1.4) 2–6
Water skink 19 13.4 (6.9) 5–29 3 16 4 (2.2) 1–8
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individuals that were tested in both test phases. To measure
neophobia, we looked at a lizard’s behavior towards the novel
cylinder in the first trial of the opaque cylinder phase. We
measured trial latency (time in seconds to approach the cylin-
der) and association time (time in seconds spent within 2 cm
of the cylinder). As we were unsure if these two measures
represented the same or different aspects of neophobia, we
tested if trial latency and association time were correlated
using a Spearman rank correlation. The two variables were
not correlated in any of the tested species (Spearman rank
correlation, p = 0.289–0.831; Online Resource Table S4).
We, therefore, ran one linear model (LM, Bates et al. 2015)
each for trial latency and association time as the response
variable separately for each species. In the models with asso-
ciation time as the response variable, we divided association
time by the association frequency (the number of times an
individual approached the opaque cylinder to within 2 cm)
to account for baseline activity level. We included individual
learning rate as a measure of performance for the opaque
cylinder phase and the number of correct detours out of 10
as a measure of performance for the semi-transparent cylinder
phase as fixed effects. The models looking at the time to
approach the cylinder included trial latency as the response
variable and individual learning rate from the opaque cylinder
phase and the number of correct detours around the semi-
transparent cylinder as fixed effects (for a detailed model
description, see Online Resource Table S3). To ensure that
model residuals conformed to model assumptions of residual
normality, we visually inspected qqplots. In some models (see
Online Resource Table S3), we log transformed response var-
iables to conform to residual normality.
Between-species comparison in the cylinder task
Besides the data collected in the current study, data from an-
other species, the eastern water skink (Eulamprus quoyii),
were available from a previous study (Szabo et al. 2019b)
and included in the between-species analysis. We closely
followed procedure and setup in Szabo et al. (2019b) testing
lizards in the same environment, same time of day during the
lizards’ active season, and using the same experimenter (BS)
leading all testing. Only data from those individuals (of all
tested species) that participated in both phases were included
in the following analyses.
To compare performance in the opaque cylinder phase be-
tween species, we applied a Bayesian GLMMusing the detour
response (Bernoulli: correct = 1 or incorrect = 0) as the re-
sponse variable and species, and trial and their interaction as
fixed effects. Because the model results showed significant
differences between species, we wanted to know which spe-
cies differed significantly. To be able to compare pairs of
species, we ran the same model five times, rotating the
contrasts of species (contrasts of variable species: water
skinks, sleepy lizard, blue-tongue skink, gidgee skink, and
tree skink).
To investigate if the performance during the semi-
transparent cylinder phase differed between species, we again
used a Bayesian GLMM. We used the detour response
(Bernoulli: correct = 1 or incorrect = 0) as the response vari-
able; species, trial, and their interaction as fixed effects. Again,
model results suggested a significant difference between spe-
cies, which we examined by running the same model five
times, rotating the contrasts for species.
Differences in performance across species might be caused
by both cognitive and non-cognitive factors. Because we used
the same methods across species, we were able to compare
three non-cognitive factors that might cause species differ-
ences: the time spent within 2 cm of the opaque cylinder
(divided by the frequency), the time taken to approach the
opaque cylinder (trial latency), and body condition (scaled
mass index, SMI), across species. Before comparing body
condition, we divided each individual’s scaled mass index
with the average mass of its species in order to be comparable
across species. We applied one LM with the time within 2 cm
divided by the frequency as the response variable, one LM
with trial latency as the response variable, and one LM with
the corrected SMI as the response variable. In all three models,
species was the only fixed effect. After visual inspection of
residual plots, we log transformed time spent within 2 cm and
trial latency to conform to model assumptions of residual nor-
mality. One individual blue-tongue lizard took over 2000 s to
approach the novel opaque cylinder (trial latency), an outlier
that affected results when looking at individual-level effects of
neophobia on detour performance (see “Results” below).
However, this outlier did not affect results in the species com-
parison and was therefore included in the analyses.
Task-specific inhibitory control
We were able to correlate learning rate shown in a visual two-
choice discrimination reversal with performance shown in the
semi-transparent phase of the cylinder task in 11 gidgee skinks
(BS, DWAN, MW unpublished data), 6 sleepy lizards (Szabo
and Whiting 2020), and 6 eastern blue-tongue skinks (Szabo
et al. 2019a) which had participated in both experiments. First,
we ran a Bayesian GLMMwith first choice of stimulus in the
two-choice discrimination task (Bernoulli: correct/rewarded =
1 or incorrect/unrewarded = 0) as the response variable, trial
as the only fixed effect, and trial nested in animal identity as
the random effect. From the random effect posterior of trial,
we extracted the average learning rate (the probability of mak-
ing a correct choice per trial) for each individual. Next, we
used this learning rate as the only fixed effect in a Bayesian
GLMM with the detour response (Bernoulli: correct = 1 or
incorrect = 0) given in the semi-transparent cylinder phase as
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the response variable. This was done for each species sepa-
rately because we were only interested in finding out if indi-
vidual performance correlated across tasks.Wewere unable to
add the learning rate shown in the reversal task to the main
model looking at detour performance in the semi-transparent
phase because not all animals were tested in both tasks leading
to missing data in this fixed effect.
All statistical analyses were performed in R version 3.5.3
(R Development Core Team 2008).
We chose to use Bayesian modeling because it is very
robust when analyzing non-Gaussian data (Hadfield 2010).
All Bayesian models included a random effect of trial nested
in animal identity. We did this to account for repeated mea-
sures and non-independence of samples and to avoid autocor-
relation. For all Bayesian models, we confirmed that no auto-
correlation (correlation between lags <0.1; Hadfield 2010) and
sufficient mixing (by visually inspecting plots of MCMC
chains; Hadfield 2010) occurred and that the Markov chain
was run long enough and did not show any sampling errors
(Heidelberg and Welch diagnostic tests; Hadfield 2010).
Data availability
All datasets generated and the code used for analyses in the
current study are published online (Open Science framework,
https://doi.org/10.17605/OSF.IO/CJ6B4).
Results
Species-specific performance in the cylinder task
Overall, 60% (7/12) of tree skinks, 95% (18/19) of gidgee
skinks, 85% (11/13) of sleepy lizards, and 100% (12/12) of
blue-tongue skinks reached the learning criterion in the
opaque cylinder phase and were then tested in the semi-
transparent cylinder phase (Table 1, Fig. 1b; the cumulative
sum of correct detours around the semi-transparent cylinder
for each individual tested are shown in Online Resource Fig.
S3).
Only gidgee skinks and sleepy lizards significantly im-
proved their probability of making a correct detour around
the opaque cylinder (GLMM, gidgee skinks: trial = 0.185,
95% CIlow = 0.062, 95% CIup = 0.313, p = 0.0002; sleepy liz-
ards: trial = 0.933, 95% CIlow = 0.252, 95% CIup = 1.760, p =
0.001; Online Resource Table S5) indicative of learning. The
sexes did not differ in their performance in the opaque cylin-
der phase (GLMM, sleepy lizards: male = 0.055, 95% CIlow =
− 2.011, 95% CIup = 2.413, p = 0.995; blue-tongue skinks:
male = − 0.328, 95% CIlow = − 1.931, 95% CIup = 1.308, p =
0.676; Online Resource Table S5) and neither did wild caught
and captive sleepy lizards (GLMM, wild = 0.588, 95%
CIlow = − 2.108, 95% CIup = 2.850, p = 0.549; Online
Resource Table S5). Performance in the opaque cylinder
phase significantly correlated with body condition in blue-
tongue skinks only (GLMM, body condition = 0.078, 95%
CIlow = 0.012, 95% CIup = 0.140, p = 0.007; Online Resource
Table S5), showing that individuals in better condition per-
formed better.
In the semi-transparent cylinder phase, neither sex, body
condition, pre-experience, nor individual learning rate shown
in the opaque cylinder phase significantly predicted detour
performance (GLMM, p > 0.05; Online Resource Table S6).
Lizards did not learn to detour around the semi-transparent
cylinder (GLMM, p > 0.05; Online Resource Table S6).
However, the estimated learning rate was significantly nega-
tive in blue-tongue skinks (GLMM, trial = -0.255, 95%
CIlow = -0.442, 95% CIup = -0.072, p = 0.007; Online
Resource Table S6) indicating that most animals made correct
detours at the start of the test but the probability of making a
correct detour decreased over the 10 trials.
Overall, neophobia did not affect task performance within
species except in blue-tongue skinks in which trial latency was
significantly negatively correlated with learning rate in the
opaque cylinder phase (LM, learning rate = − 5526.29, SE =
1005.41, t = − 5.497, p = 0.0004). This result was, however,
caused by an outlier and disappeared after this outlier was
removed (LM, learning rate = − 1591.020, SE = 1814.112,
t = − 0.877, p = 0.406; Online Resource Table S7).
Otherwise, neither trial latency (the time to approach the novel
opaque cylinder) nor association time (time spent within 2 cm
of the novel opaque cylinder divided by the association fre-
quency) were correlated with individual learning rate from the
opaque cylinder phase or the number of correct detours per-
formed in the semi-transparent cylinder phase (LM, p > 0.05;
Online Resource Table S7).
Between-species comparison in the cylinder task
Species differed in their performance during the opaque as
well as the semi-transparent cylinder phase. During the
opaque cylinder phase, blue-tongue skinks performed signif-
icantly better than eastern water skinks (GLMM, blue-tongue
skink = 1.478, 95% CIlow = 0.160, 95% CIup = 2.814, p =
0.030; Online Resource Table S8). Average learning rates
did not differ between species (Online Resource Table S9).
Furthermore, blue-tongue skinks performed significantly bet-
ter than every other lizard species tested in the semi-
transparent cylinder phase but showed lower learning rates
(Table 2).
Time spent within 2 cm of the opaque cylinder, time to
approach the opaque cylinder, and body condition differed
across species (Fig. 2a–c; Online Resource Table S10, S11).
Tree skinks associated the least amount of time with the novel,
opaque cylinder (Fig. 2a; Online Resource Table S10), while
sleepy lizards were the fastest to approach the opaque cylinder
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(Fig. 2a; Online Resource Table S10). Blue-tongue skinks had
the lowest body condition (Fig. 2c) and significantly differed
from all other species in body condition (Online Resource
Table S11).
Task-specific inhibitory control
Individual-level performance detouring around a semi-
transparent cylinder did not correlate with the learning rate
shown in a visual two-choice discrimination task (GLMM,
gidgee skinks: reversal learning rate = 11.318, CIlow = −
29.830, 95% CIup = 54.908, p = 0.597; sleepy lizards: reversal
learning rate = 1.481, CIlow = − 102.095, 95% CIup = 111.181,
p = 0.997; blue-tongue skinks: reversal learning rate = 8.011,
CIlow = − 46.346, 95% CIup = 61.893, p = 0.748; Online
Resource Table S12).
Discussion
Individuals from all tested species reached our predetermined
learning criterion in the opaque cylinder phase and completed
10 trials of detouring to the side of a semi-transparent mesh
cylinder to retrieve a visible reward from within. Gidgee
skinks and sleepy lizards learnt to detour to the side openings
of an opaque cylinder. In the opaque cylinder phase, neither
sex, animal origin, nor neophobia predicted individual differ-
ences in task performance in any of the tested species, but
blue-tongue lizards in better body condition performed better.
In the semi-transparent cylinder phase, none of the tested var-
iables (sex, origin, neophobia, body condition, learning rate in
the opaque cylinder phase, or pre-experience with other cog-
nitive tasks) predicted individual differences in performance
in any of the tested species. Interestingly, blue-tongue skinks
correctly retrieved the reward from within the mesh cylinder
(without touching its surface) more often at the beginning of
the semi-transparent phase but did make more errors in later
trials. Furthermore, blue-tongue skinks also performed better
than water skinks in the opaque cylinder phase and
outperformed all other tested species during the semi-
transparent cylinder phase. Neophobia as well as body condi-
tion differed across species. Tree skinks spent the least time
close to the cylinder and sleepy lizards approached the cylin-
der the fastest in the first trial of the opaque cylinder phase.
Blue-tongue skinks had the lowest body condition, possibly
leading to greater motivation to reach the food reward within
the cylinder which could drive the difference in cylinder task
performance we found across species. Finally, individual-
level measures of inhibition were not associated across tasks,
suggesting that different inhibitory skills are involved in de-
tour success and discrimination reversal learning.
Species-specific performance in the cylinder task
As expected, lizards were able to detour around an opaque
cylinder as well as a semi-transparent cylinder. Only gidgee
skinks and sleepy lizards learned to do so, and only in the
opaque cylinder phase. Neither sex, animal origin, nor
Table 2 Estimates, 95% confidence intervals (CIs), and significance
level (p) of the fixed effect species (left) and its interaction with trial
(right) calculated by the models investigating species difference in per-
formance during the semi-transparent cylinder phase. To be able to com-
pare species performance, the model was run five times rotating the fixed
effect level. The left species column represents the fixed effect level to
which each other level (top row species) was compared. Values within
bold boxes represent the intercept of each model. Significant comparisons
are highlighted in gray. Light gray < 0.05, medium gray < 0.01, dark gray
< 0.001. Significant intercepts are not highlighted
Main fixed effect levels (species) Species effect levels interaction with trial
Estimate
Water skink Sleepy lizard
Blue-tongue 
skink
Gidgee 
skink Tree skink Water skink
Sleepy 
lizard
Blue-tongue 
skink
Gidgee 
skink Tree skinkCIsp
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o 
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co
m
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d 
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Water skink
-0.650 -0.520 1.671 -1.223 -0.963 -0.650 0.025 -0.262 0.076 0.070
-1.515 –
0.202
-1.906 –
0.851
0.408 –
3.032
-2.494 –
0.027
-2.671 –
0.653
-1.515 –
0.202
-0.203 –
0.252
-0.486 –
-0.043
-0.137 –
0.266
-0.205 –
0.335
0.132 0.455 0.013 0.060 0.246 0.132 0.832 0.023 0.460 0.606
Sleepy lizard
0.535 -1.186 2.224 -0.702 -0.391 -0.028 -1.186 -0.293 0.048 0.038
-0.767 –
2.054
-2.262 –
-0.077
0.695 –
3.661
-2.033 –
0.821
-2.155 –
1.369
-0.261 –
0.198
-2.262 –
-0.077
-0.540 –
-0.047
-0.183 –
0.271
-0.244 –
0.332
0.459 0.033 0.002 0.333 0.665 0.817 0.033 0.018 0.674 0.795
Blue-tongue 
skink
-1.683 -2.235 1.035 -2.913 -2.624 0.264 0.293 1.035 0.340 0.330
-2.955 –
-0.323
-3.674 –
-0.647
-0.014 –
1.977
-4.326 –
-1.582
-4.440 –
-0.972
0.045 –
0.490
0.052 –
0.547
-0.014 –
1.977
0.110 –
0.554
0.035 –
0.602
0.011 0.004 0.038 0.0002 0.001 0.017 0.019 0.038 0.002 0.021
Gidgee skink
1.233 0.695 2.926 -1.887 0.297 -0.075 -0.047 -0.341 -1.887 -0.009
-0.034 –
2.482
-0.700 –
2.159
1.556 –
4.342
-2.832 –
-0.964
-1.411 –
1.960
-0.277 –
0.133
-0.283 –
0.175
-0.571 –
-0.117
-2.832 –
-0964
-0.268 –
0.258
0.055 0.332 0.0002 0.0002 0.731 0.467 0.682 0.003 0.0002 0.942
Tree skink
0.949 0.408 2.640 -0.287 -1.598 -0.066 -0.037 -0.331 0.01 -1.598
-0.726 –
2.610
-1.368 –
2.180
0.842 –
4.290
-1.996 –
1.369
-2.940 –
-0.112
-0.334 –
0.203
-0.325 –
0.249
-0.614 –
-0.045
-0.261 –
0.277
-2.940 –
-0.112
0.264 0.654 0.002 0.741 0.022 0.641 0.812 0.022 0.937 0.022
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neophobia affected performance in the opaque cylinder phase.
However, blue-tongue lizards’ performance was influenced by
body condition: individuals in better condition made less con-
tact with the surface of the opaque cylinder (less errors). A
similar result was reported for North Island robins tested in a
transparent cylinder task (Shaw 2017). Contrary to previous
studies, individual performance in the semi-transparent cylin-
der phase was neither affected by animal origin (Clarke et al.
1951) or body condition (Shaw 2017). We found no effect of
sex on performance detouring the semi-transparent cylinder,
which is similar to what has been reported for pheasant chicks
(van Horik et al. 2018) but contrasts with results found in
guppies (Lucon-Xiccato et al. 2019). Furthermore, similar to
previous studies, we found no effect of neophobia (Stow et al.
2018; van Horik et al. 2018) or pre-experience (Shaw 2017;
Santacà et al. 2019b) on individual task performance.
Importantly, none of the tested species learnt to detour a
semi-transparent cylinder. Detour training using an opaque cyl-
inder is designed to reduce the influence learning and problem
solving have on detour performance in the subsequent trans-
parent cylinder test phase to reliably measure inhibitory ability
(Kabadayi et al. 2017a, b). It is still to be determined if our
lizards had shown learning without the previous training with
the opaque cylinder. Furthermore, dogs without previous train-
ing on an opaque cylinder performed poorly when detouring to
the side of a transparent cylinder (Vernouillet et al. 2018).
Whether lizards show a similar reduced performance without
prior detour training remains to be determined. Overall, the
differences and similarities across study findings suggest dif-
ferent factors influence cylinder task performance across spe-
cies. Many studies suffer from small sample sizes caused by
limited availability of individuals for testing; ours is no excep-
tion. It has been suggested that to reliably detect individual
differences a minimum of 40 individuals producing a total of
1000 observations is required (van de Pol 2012). It is possible
that subtle individual differences in cylinder task performance
might exist in our lizard species, but our sample sizes (and
resulting effect sizes) might be too small to detect them.
The learning performance during the opaque cylinder
phase did not predict performance in the semi-transparent cyl-
inder phase in any of the tested lizard species and this is sim-
ilar to what has been found in dogs (Canis familiaris; Bray
et al. 2014) and douc langurs (Pygathrix nemaeus and
P. cinereal, Rudolph and Fichtel 2017). Although we found
no correlation between test phases, blue-tongue skinks were
the only species (out of 5) to make correct choices right at the
start of the semi-transparent cylinder phase. All individual
blue-tongue skinks made a correct choice within their first
two trials. To make such correct choices, it is possible that
these lizards had transferred knowledge about how to detour
to the side openings from the opaque cylinder. At the start of
the semi-transparent cylinder phase, blue-tongue skinks had
no prior knowledge of how to solve this task except for what
they had learnt in the previous stage. Further tests are, how-
ever, necessary to confirm that blue-tongue skinks can transfer
knowledge between phases.
Differences between species in the cylinder task
The performance during the semi-transparent cylinder phase
differed across species. Blue-tongue skinks consistently
outperformed the other four species while none of the other
four species significantly differed from each other in perfor-
mance. Our analyses of neophobia and body condition show
species-level differences. We measured neophobia as the be-
havior shown by our lizards towards a novel object (the
Fig. 2 a Box plot showing median (bold line), quartile (50% of data
within the box), and the maximum and minimum value (edge of
whiskers) excluding outliers (circles) of the time (s; log transformed) a
lizard spent within 2 cm of the novel, opaque cylinder (divided by the
frequency) across the tested species. b Box plot showing median (bold
line), quartile (50% of data within the box), and the maximum and min-
imum values (edge of whiskers) excluding outliers (circles) of the time (in
sec; log transformed) from trial start to when the cylinder was first
touched across the tested species. c Box plot showing median (bold line),
quartile (50% of data within the box), and the maximum and minimum
valies (edge of whiskers) excluding outliers (circles) of body condition
(scaled mass index (SMI) divided by the average mass of species) across
the tested species * < 0.05, ** < 0.01, *** < 0.001 (created with R base
plot and modified in Microsoft PowerPoint)
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opaque cylinder) in a familiar environment. The time to ap-
proach the novel object and the time spent within 2 cm of the
object were uncorrelated suggesting that they measure differ-
ent aspects of neophobia. Only the results from comparing
body condition across species, however, show a pattern con-
sistent with the differences in cylinder task performance.
Blue-tongue skinks had the lowest body condition compared
to all other species, and none of the other species differed from
each other. This difference in body condition might have
causedmotivational changes in blue-tongue lizards and result-
ed in them performing better as a group than the other four
lizard species. It is therefore possible that, if body condition
would have been equal across species, no species differences
in task performance would have occurred. At this point, we
are unable to determine if motivation alone led to our result or
if blue-tongue skinks possess better inhibitory control ability
as measured by our task. Furthermore, because our analyses
show no significant increase in the probability of making a
correct detour across the 10 test trials, we can exclude differ-
ences in learning ability as an explanation for differences in
task performance among species. Our result highlights, how-
ever, that non-cognitive factors should always be considered
when task performance is compared across individuals as well
as species.
When looking at average score (mean correct detours
across the 10 test trials), blue-tongue skinks received the
highest score, followed by water skinks, sleepy lizards, tree
skinks, and gidgee skinks. In primates, superior inhibitory
performance positively correlated with the number of food
categories within the diet (e.g., MacLean et al. 2014) such that
folivorous species scored the lowest (MacLean et al. 2014;
Rudolph and Fichtel 2017). This result is partially consistent
with the “Ecological Intelligence Hypothesis” (Gibson 1986;
Byrne 1997; Rosati 2017), in which factors such as feeding
ecology underlie the evolution of enhanced cognitive abilities
involved in, for example, extractive foraging or hunting
(Gibson 1986; Byrne 1997; Rosati 2017). In hyenas, individ-
uals from larger social groups performed better on the cylinder
task (Johnson-Ulrich and Holekamp 2020) consistent with the
“Social Intelligence hypothesis,” under which the challenges
of social group life drives the evolution of larger brains and
associated cognitive abilities to keep track of conspecifics and
relationships and exercise appropriate social cognitive skill to
manage these relationships (Jolly 1966; Humphrey 1976;
Byrne andWhiten 1988; Dunbar 1998). Our sample of lizards
showed marked differences in diet composition and sociality.
Although omnivorous, gidgee skinks consume mostly (>
80%; Duffield and Bull 1998) plant material while water
skinks are insectivorous (Veron 1969) (Online Resource
Table S1). Regarding sociality, gidgee skinks live in monog-
amous, kin-based family groups including multiple adults
(Chapple 2003), tree skinks also live in family groups, albeit
nuclear families which include offspring of the same or
previous season (Chapple 2003; O’Connor and Shine 2003),
sleepy lizards show long-term monogamy but no association
between adults and their offspring (Bull et al. 2017), and water
skinks and blue-tongue lizards are solitary (Koenig et al.
2001; Cogger 2014) (Online Resource Table S1). We
conducted two preliminary analyses to test if feeding
ecology and/or sociality could be possible causes for
the species differences we found (Online Resource).
Our preliminary analyses (Online Resource) indicate that
more herbivorous lizard species received lower inhibi-
tion scores (correct detours out of 10) compared to spe-
cies with more protein-rich diets consistent with the
“Ecological Intelligence Hypothesis.” Furthermore, we
found a strong negative correlation between score and
group size indicating that more social species received
lower scores inconsistent with the “Social Intelligence
hypothesis.” Because of our low sample size (five
species), feeding ecology and sociality are confounded;
the most herbivorous species was also the most social.
Data on a wider range of lizard species as well as addi-
tional data from the already tested species is required to
test if feeding ecology and/or sociality (among other
traits not considered here) can lead to differences in per-
formance across lizard species.
Besides differences in performance, we experienced differ-
ences in drop-out rate in the opaque cylinder phase; not all
individuals tested reached the learning criterion within 30 tri-
als (Online Resource Table S2), with the exception of the
blue-tongue skinks. The highest drop-out rate was in tree
skinks (42%), followed by water skinks (20%), sleepy lizards
(15%), and finally, gidgee skinks (5%). These drop-out rates
could have been caused by non-cognitive factors including
differential reliance on food chemicals during foraging or food
motivation. For example, zebrafish (Danio rerio)
outperformed three other fish species in a cylinder task al-
though additional tests showed that zebrafish used odor cues
to their advantage to solve the task.When such odor cues were
eliminated, the species difference in performance disappeared
(Santacà et al. 2019a). Guppies, however, do not rely on ol-
factory cues to solve cylinder detour tasks (Santacà et al.
2019b). The pattern shown by our lizards is inconsistent with
the level of reliance on food chemicals. Sleepy lizards, which
showed a 15% drop-out rate, rely on food chemicals when
foraging (Cooper 2000) and should perform better while
gidgee skinks (5% drop) are sit-and-wait foragers (relying
more heavily on vision during foraging) and should have
shown a greater drop-out rate than sleepy lizards. Therefore,
it seems unlikely that vomerolfaction alone affected the suc-
cess rate. Furthermore, withmore than 30 trials, all individuals
might have eventually reached the learning criterion.
Although cognitive differences could partly explain the differ-
ences in drop-out rate between species, non-cognitive factors
cannot be ruled out at this stage.
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Task-specific inhibitory control
Our results add to the growing body of evidence that individ-
ual performance on different cognitive tasks testing for inhib-
itory control do not correlate with each other. Detour tasks
around differently shaped barriers likely require motor re-
sponse inhibition (inhibition of prepotent responses towards
an external lure = the reward; Dias et al. 1996), while reversal
learning probably mainly involves stimulus response inhibi-
tion, a different contextual sub-class of inhibitory control
(Dias et al. 1996). Exercising control over a stimulus-reward
association requires ignoring one stimulus in favor of another
stimulus for which no such association has yet formed. In
common marmosets (Callithrix jacchus), lesions to the orbital
prefrontal cortex selectively impaired the first reversal of a
visual two-choice discrimination (impaired stimulus-reward
inhibition), while lesions to the lateral prefrontal cortex selec-
tively impaired the first shift to a second stimulus dimension
(attentional inhibition; Dias et al. 1997). A follow-up experi-
ment indicated that the impairment was due to issues with
inhibitory control while associative learning was not affected
(Dias et al. 1997). In painted turtles (Chrysemys picta), lesions
to the dorsal cortex impaired reversal learning and attentional
set-shifting but not the acquisition of a discrimination in a
visual two-choice discrimination task (Cranney and Powers
1983). In a visual go-no-go task, however, lesions to the dor-
sal cortex did affect acquisition and reversal performance in
these turtles (Grisham and Powers 1989). The results in
monkeys clearly demonstrate that different neural sub-
strates underlie inhibitory control of stimulus-reward
relationships (reversal task) and attentional inhibition
(attentional set-shifting) of visual information. In turtles,
the same neural substrate, the dorsal cortex, seems impor-
tant for inhibitory control in general. The study in monkeys,
however, targeted specific areas within the prefrontal cor-
tex while the turtle studies targeted a larger brain area. It is
therefore possible that specific areas within the dorsal cor-
tex are associated with processing different sub-classes of
inhibitory control. We are unaware of any study investigat-
ing the involvement of different neural substrates in visual
discrimination and reversal learning or motor response in-
hibition in lizards. The lack of individual-level correlation
between tasks suggests different processing units for the
different sub-classes of inhibitory control in lizards. Aside
from different inhibitory skills, tasks might require addi-
tional cognitive abilities for successful completion. A good
memory of the correct motor response, for example, might
greatly enhance performance in a detour task while a strong
memory of the previous stimulus-reward relationship might
greatly affect reversal learning. To better understand how
inhibitory control is exercised in different cognitive tasks,
research should focus on investigating how these tasks are
accomplished at a neural level.
In summary, we show that our modified version of the
cylinder task is a suitable test of motor response inhibition to
be used in different lizard species. Although our conclusions
are limited due to low sample sizes across and within species,
our results demonstrate the effects of non-cognitive factors in
task performance and suggest the need for further investiga-
tions into the cognitive and non-cognitive factors involved in
creating these differences. Moreover, our results strengthen
the conclusion that inhibition scores earned in different cog-
nitive tasks do not correlate, demonstrating that this area of
research deserves further study. Taken together, our study
provides insight into inhibitory control across multiple lizard
species and adds valuable data to the growing knowledge base
on animal inhibitory control abilities. Significantly, due to the
phylogenetic relationship of reptiles to birds and mammals
(reptiles split from mammals ~320 million years ago and liz-
ards split from birds ~280 million years ago; Alföldi et al.
2011), data such as that presented here can help us better
understand the evolution of cognitive skills and help to iden-
tify predictors of individual and species differences in cogni-
tive performance across taxa.
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